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FOREWORD 


The work presented in this report was conducted as a part of the "Grad- 
uate Engineering Research Participation in Aeronautics" program during the 
period 1980-82. The work was essentially completed by the end of August 
1982, but certain modifications were made in 1983. The work was supported 
by the NASA/Langley Research Center through Grant NGR-47-003-052. The prin- 
cipal investigator of the Grant was [V. A. Sidney Roberts, Professor of 
Mechanical Engineering and Mechanics at Old Dominion University. The Grant 
was monitored by Mr. Robert H. Tolson, Chief Scientist, NASA/Langley 
Research Center. The authors are grateful to Dr. R. Clayton Rogers of NASA 
Langley Research Center for providing extensive guidance and help during the 
entire course of this study. 
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INTERACTION OF A TWO-DIMENSIONAL TRANSVERSE 
JET WITH A SUPERSONIC MAINSTREAM 


By 

G. 0. Kraemer* and S. N. Tiwarl 2 
SUMMARY 

An experimental investigation of the interaction of a two-dimensional 
sonic jet injected transversely into a confined main flow has been conduct- 
ed. The main flow consisted of air at a Mach number of 2.9. The effects of 
varying the jet parameters on the flow field were examined using surface 
pressure and composition data. Also, the downstream flow field was examined 
using static pressure, pitot pressure, and composition profile data. The 
jet parameters varied were gapwidth, jet static pressure, and injectant spe- 
cies of either helium or nitrogen. The values of the jet parameters used 
were 0.039, 0.056, anu 0.109 cm for the gapwidth ’id 5, 10, and 20 for the 
jet to mainstream static pressure ratios. The features of the flow field 
produced by the mixing and interaction of the jet with the mainstream were* 
related to the jet momentum. The data were used to demonstrate the validity 
of an existing two-dimensional elliptic flow code. 
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2 Eminent Professor, Department of Mechanical Engineering and Mechanics, Old 
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1 . INTRODUCTION 

A serious effort is currently underway to design hydrogen 
fueled, supersonic combustion ramjets (scramjets) for hypersonic 
vehicle propulsion. In the present concept, gaseous hydrogen fuel 
is injected from transverse and parallel fuel injectors, located on 
instream struts, into the supersonic mainstream air flowing through 
the combustor [lj*. At high flight speeds, a large portion of the 
fuel is added from transverse fuel injectors due to their rapid 
mixing and heat releasing qualities. At lower flight speeds, an 
increased portion of the fuel might be added from parallel fuel 
injectors to prevent possible thermal choking. These fuel injectors 
are generally operated at sufficient jet stagnation pressures so 
that the jet flow is sonic at the jet exit. 

The flow produced by the interaction of a transverse fuel jet 
with a supersonic mainstream is quite complex. Sterrett et al. [2], 
for example, observed many of the typical flow features. The jet 
gas expands into the primary flow forming a plume shaped body, which 
eventually terminates at a strong normal shock wave. Formation of a 
curved bow shock and the separation of the turbulent boundary layer 
results from the obstruction produced by the jet body. An upstream 
separation shock is formed above the recirculation region. Down- 
stream of the jet, the flow turns downward to the injection surface 


* The number in brackets denote references. 
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producing a recompression shock near the location of boundary layer 
reattachment. A low pressure downstream recirculation region is 
formed due to the rapid expansion of the mainstream flow behind the 
jet. Both of these recirculation regions contain embedded regions 
of subsonic and supersonic flow. Due to these embedded subsonic 
regions, an elliptic flow theory is needed to analytically describe 
the transverse jet interaction (TJI) flow field. Because of the 
complexity and the large computer storage required to solve the 
elliptic computational flow theory, only the two-dimensional flow 
case has been examined at present [3]. 

Historically, interest in tns type of TJI flow field was for 
applications to rocket thrust vector control, hypersonic vehicle 
guidance control, and scramjet fuel injectors. These areas have 
been examined for the three-dimensional case, as discussed in a 
recent review by Rogers [4]. A critical review by Werle [5] 
examined the two-dimensional TJI literature until 1968. In this 
review and other literature after 1968 [2-16], the two-dimensional 
investigations were for application to thrust vector control and 
vehicle guidance control. Thrust vector control investigations 
[17,18] sought to predict the shape and location of the bow shock by 
assuming that there was no upstream boundary layer or separated 
region. Vehicle guidance control investigations were conducted to 
predict the increased side force due to the altered pressure field 
in the upstream separated region. These investigations provided 
useful information about the jet penetration and surface pressure 
distributions and led to an increased understanding of the TJI 
phenomenon. 
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Since 1968, two-dimensional TJI investigations have been, in 
general, directed towards developing scaling relationships for 
characterizing the flow for vehicle guidance control applications. 

A common scaling parameter was the effective obstruction height 
which was predicted from either a method using a force balance or a 
physical analogy. In the first method [7] the jet was 
mathematically substituted by a hemi cylinder control volume of jet 
gas facing the primary flow. The cylinder's radius was calculated 
from a balance of the jet momentum flux out of the downstream face 
with the drag force on the upstream face (usually by a Newtonian 
drag model). Another popular method [6, 13, 15, 16] used a physical 
analogy between a jet exhausting into a quiescent atmosphere with 
one exhausting into a supersonic flow. For an assumed jet back 
pressure, the jet shock height was calculated. Once the jet 
penetration was determined from the calculated cylinder radius or 
jet shock height, correlations were developed to predict the 
upstream separation distance. All previous two-dimensional 
investigations were for unconfined flows, and these investigations 
were limited to the collection of surface pressure and composition 
distributions and visual data. In a confined flow, however, Wu et 
al . [9] predicted that the "squeezing" of the flow would cause a 
significant decrease in the jet penetration at the same 
conditions. This would result in a smaller flow field disturbance. 

Past applications of two-dimensional TJI data required only 
limited experimental investigations for unconfined flows. The cur- 
rent development of flow theories useful for scramjet resign 
requires data for the flow field near the jet in a confined super- 
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sonic flow. Acquisition of these data are the primary consideration 
of the present experimental investigation. Another objc:tive of 
this study is to increase the understanding of the flow field and 
determine various scaling factors, correlations, and empirical 
relationships. To meet these objectives experimental data for a 
cold flow are obtained at the various jet parameters of jet 
strength, jet gap w*dth, and injectant species. 

The apparatus and procedures used to conduct the experimental 
investigation are presented in Chap. 2. A discussion of the assump- 
tions and equations used to reduce the data is given in Chap. 3. 
Experimental results are discussed in Chap. 4. Theory and data are 
compared in Chap. 5. Conclusions drawn from this investigation are 
presented in Chap. 6. The appendix presents the error analysis of 
the method used to determine local Mach number and mass flux. 



5 


2. APPARATUS AND PROCEDURE 

As mentioned in the introduction, the flow produced by the 
interaction of a transverse fuel jet with a supersonic flow is quite 
complex as shown In Fig. 1. The apparatus and procedures used in 
the experimental investigation of this flow are presented in this 
chapter. The model configuration, model supply, and jet supply are 
discussed in Sec. 2.1. The Instrumentation and survey procedures 
are discussed in Secs. 2.2 and 2.3 respectively. 

2.1 Model Apparatus 

A sketch of half of the uniform rectangular duct model is shown 
in Fig. 2a. One of the two identical stainless steel injector 
plates is shown in the sketch. The injector plates are 7.62 cm 
apart. Another identical stainless steel side wall is separated 
from the one shown by 3.81 cm. When assembled the model is 30.5 cm 
long. The side wall is seen to have a 20.3 cm long glass window. 
Before oolting the model together a thin film of room- temperature 
vulcanizing rubber is applied to seal the model and prevent leaks. 

Th« figure shows the initial sharp leading edge of 5° and the 
slot injector spans the injector plate at a distance of 17.8 cm 
downstream of the leading edge. The inside surfaces of the model 
s de walls are spaced to fit flush and parallel with the nozzle side 
walls. Along the injector plate's centerline and in four lateral 
rw»s are flush surface taps containing 0.152 cm tubing (Fig. 2b). 
These surface tap locations are given in Table 1. 






30. 5 cm 



Mode' configuration: Photograph of model. 
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* ORIGINAL PAGE J8 
Table 1. Surface tap location OF POOR QUALITY 


For b * 0.109 and 0.056 cm 
Upstream Downstream 

For b 
Upstream 

= 0.039 

cm 

Downstream 

X 

Z 

X 

z 

X 

Z 

X 

z 

-0.25 

0 

0.23 

0 

-0.25 

0 

0.25 

0 

-0.50 

0 

0.50 

0 

-0.50 

0 

0.47 

0 

-0.79 

0 

0.74 

0 

-0.78 

0 

0.73 

0 

-1.06 

0 

1.00 

0 

01 .03 

0 

1.03 

0 

-1.28 

0 

1.27 

0 

01.28 

0 

1.24 

0 

-1.53 

0 

1.52 

0 

-1 .54 

0 

1.51 

0 

-1.79 

0 

1.80 

0 

-1.79 

0 

1.77 

0 

-2.04 

0 

2.06 

0 

-2.04 

t 

2.02 

0 

-2.29 

1.77 

2.30 

1.31 

-2.29 

1..77 

2.28 

1 .31 

-2.29 

1.26 

2.30 

1.01 

-2.29 

1 .26 

2.28 

1 .01 

-2.29 

0.75 

2.30 

0.50 

-2.29 

0.75 

2.28 

0.50 

-2.29 

0.24 

2.30 

0 

-2.29 

0.24 

2.28 

0 

-2.29 

0 

2.30 

-0.26 

-2.29 

0 

2.28 

-0.26 

-2.29 

-0.52 

2.30 

-0.77 

-2.29 

-0.52 

2.28 

-0.77 

-2.29 

-1 .02 

2.30 

-1.27 

-2.29 

-1 .02 

2.28 

-1 .27 

-2.29 

-1.53 

2.30 

-1.78 

-2.29 

-1 .53 

2.28 

-1.78 

-2.54 

0 

2.56 

0 

-2.57 

0 

2.53 

0 

-3.05 

0 

3.07 

0 

-3.07 

0 

3.04 

0 

-3.56 

0 

3.59 

0 

-3.58 

0 

3.55 

0 

-4.07 

0 

4.09 

0 

-4.09 

0 

4.05 

0 

-4.58 

0 

4.58 

0 

-4.59 

0 

4.56 

0 


Zero z location is on centerline of model, dimensions in cm 
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Table 

1. 

Concluded. 


OF POOR QUALITY 

For b = 

0.109 and 

0.056 cm 


For 

b = 0 

.039 cm 

Upstream 


Downstream 


Upstream 


' Downstream 

X 

z 

X 

z 

X 

z 

X z 

-5.08 

0 

5.11 

0 

-5.11 

0 

5.07 0 

-5.59 

0.75 

6.13 

0 

-5.61 

0.75 

6.09 0 

-5.59 

0 

7.15 

0 

-5.61 

0 

7.10 0 

-5.59 

-1 .54 



-5.61 

-1.54 


-6.10 

0 



-6.10 

0 


1 

C 

o 

0 



-6.63 

0 


-7.10 

0 



-7.13 

0 


-7.63 

1.51 



-7.64 

1.51 


-7.63 

0 



-7.64 

0 


-7.63 

-0.77 



-7.64 

-0.77 


-8.64 

0 



-8.66 

0 


-9.66 

0 



-9.68 

0 


-10.46 

0 



-10.70 

0 


-11.68 

0 



-11.71 

0 


-12.69 

0 



-12.73 

0 


-13.67 

0 



-14.00 

0 


-15.26 

0 



-15.27 

0 
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The steel side walls of the model were modified to aid in 
spilling the nozzle side wall boundary layer and to permit surveys 
closer to the jet. Two solid stainless steel side walls were 
constructed with a 10° sharp leading edge and to overlap the 
injector plate by 0.32 cm. The model length was reduced by removing 
the last 5.08 cm of the model. The gap widths of the slot injector 
used were 0.039, 0.056, and 0.109 cm with a respective slot height 
to gap width aspect ratio of 16.3, 11.3, and 5.8. 

The model was bolted flush atop an aluminum nozzle, with the 
model centered and square with the nozzle exit. The two- 
dimensional, Mach number 2.9 nozzle supplied the model with a con- 
stant air flow at a nominal total pressure of 2.07 MPa and an 
ambient total temperature of 300 K. Both were measured in a large 
supply section near the nozzle. An expected unit Reynolds number at 

Q 

these nominal conditions was 1.5 x 10 per meter in this blow down 

tunnel operation. The expected unit Reynolds number for the jet 

7 fi 

increased from 7.6 x 10 to 6.9 x 10 per meter with the jet 
pressure. 

A schematic of the system for delivering the jet gas supply of 
either helium or nitrogen gas is shown in Fig. 3. The jet gas was 
delivered by a 1.27 cm stainless steel tubing from 0.054 m standard 
cylinders at an initial pressure of about 14 MPa. After an initial 
pressure regulating value, an air operated pressure regulating valve 
was used to set the desired jet total pressure. Downstream, a stan- 
dard turbine meter with a 19.1 cm long and 1.57 cm diameter flow 
straightening tube was used to determine the jet gas volumetric flow 
rate. Measured pressure and temperature at the turbine meter and 



ORSGiWAl PAGE 59 
OF POOR QUALITY 


2 



g. 3. Schematic of the jet supply. 
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flow straightening tube assembly were used to compute the jet mass 
flow rate. An identical system delivers the jet gas to the other 
jet plenum. 


2.2 Instrumentation 

2.2.1 Visual Method 

Schlieren photographs were taken to examine the shock structure 
for the various jet strengths and injectant species. This gle- 
pass schlieren system consisted of a mercury vapor lamp, v 
spherical mirrors, and a vertical knife edge. Reference wires were 
placed exterior to the flow for the photographs. 

2.2.2 Probes 

Instream surveys were made with either a six probe pitot rake 
or a six probe static rake. Details of the probe tips and instal- 
lation into the probe rake can be seen in Fig. 4. More information 
about the short static probe can be found in a report by Pinckney 
[19]. The pitot probes (0.32 cm O.D.) were welded flush together to 
alVw collection of gas samples near the injection surface. The 
static probes were spacea 1.02 cm tip to tip so that they would not 
interfere with one another. A support of adjustable height in back 
of each injector plate maintained the probes parallel to the undis- 
turbed mainstream flow as they traverse uie cHel vertically. A 
linear slide potentiometer- voltmeter system was used to monitor the 
first probe position from the injector plate. This system had an 
estimated accuracy of about 0.005 cm. 

2.2.3 Gas Sampling and Analysis System 


A schematic of the sampling system for one of the six possible 
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0.0343 I.D., 4 Holes Equally Spaced 





Detail of pitot probe 

Fig. 4. Survey probe design and position in probe rake, ail 
dimensions in cm. 
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sources is shown in Fig. 5. The system allowed individual collec- 
tion and storage of six samples at one time .n one of four sets of 
six sample collection bottles. 

For sample collection, the system was first preevacuated. When 
sampling was desired, the probe side vacuum system was closed. 

Then, the appropriate valves were opened to allow the sample to 
establish flow through the collection bottles for about ten 
seconds. Next, a valve on the vacuum side of the sample bottle was 
close '. After a few seconds, a valve on the probe side of the 
sample bottle was closed to isolate the sample. This procedure was 
repeated for all four sets of sample bottles. 

The samples were analyzed individually by a quadrapole mass 
spectrometer. To maintain a uniform analysis procedure an automatic 
sequencer was used to control sample delivery. After an evacuation, 
the sample collection bottle was briefly opened to fill the sample 
coil. Then by use of a downstream vent, the sample was delivered to 
the mass spectrometer system at room pressure. By using a con- 
trolled vacuum system the pressure at the mass spectrometer's porous 
plug entrance was kept at approximately 3.4 KPa. After establishing 
this condition, the analysis data were recorded for ten seconds. 

The mass spectrometer was calibrated with air, helium, and hydrogen 
individually prior to analyzing the collected samples. 

2.2.4 Other Instrumentation 

Wall static pressures were measured by using an Electronic 
Scanning Pressure system siir''ar to that described by Trexler 
[20]. The measurements were made by "<r . "0 Ki i absolute range 

pressure transducers. The p;\ su '• rs were accurate within 
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Pig. 5. Schematic of sanrole collection system. 
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0.25 percent of full scale. The tunnel and jet total pressures were 
measured by 3.45 MPa gauge range pressure transducers. All six 
pitot probe pressures were measured by 1.38 MPa gauge range pressure 
transducers. The static pressure measurements were made by 0.345 
MPa or less absolute range pressure transducers. Standard copper 
con stan tan thermocouples were used to make the temperature measure- 
ments, and they were specified to be accurate within 1° C by the 
manufacturers. A two point calibration of the individual thermo- 
couple was determined by use of a reference thermocouple and a known 
potential source. 


2.3 Survey Procedure 

Vertical surveys were made at the injector plate centerline at 
downstream locations of 34 , 64 , 68 , 71, 114 jet gap widths for jet 
to mainstream static pressure ratios of 5 to 20. Pitot and static 
pressure surveys were made by recording the pressure from the 
appropriate probe rake at 4 to 5 locations across the duct. When 
the probe rake was moved to the desired location, a signal could be 
sent to a remote computer *o record the data. The data were 
averaged over one second before being printed and stored. Analysis 
of several one second data records, spaced three seconds apart at 
the same test conditions, showed the one second average was 
sufficient to provide precise values. At selected locations near 
the injection wall, both pitot pressure and gas samples were 
collected for certain test conditions. Gas samples were collected 
from selected surface taps during static surveys. In general, gas 
samples were collected for a jet mainstream static pressure ratios 
of 10 to 20. 
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3. DATA REDUCTION 

Data fro* separate pitot and static pressure surveys and the 
gas sample analysis (If collected) were combined to determine the 
local flow properties at each of the pitot probe locations for 
similar test conditions (i.e., same jet conditions and downstream 
location). The local flow properties were calculated at the pitot 
probe locations, since the pitot probes were used to collect 
instream gas samples. Since pitot and static data were recorded at 
different locations, the static pressures were calculated by a cubic 
spline interpolation at the pitot probe locations. Where gas 
samples were not collected, the local mixture composition was 
assumed to be that of air. 

A mass spectrometer was used to determine the gas sample compo- 
sition based on analysis of the major peak of nitrogen, helium, 
oxygen, and argon. During a ten second data collection period the 
peak height and the porous plug pressure were averaged after an 
equal and separate analysis interval for each constituent. These 
data and a calibration constant were used to determine the mole 
fraction of each constituent by an existing program [21]. 

The calibration constant for each constituent was calculated by 
subtracting the background peak height in a vacuum from the peak 
height observed for a known concentration of constituent and 
dividing by the product of the porous plug pressure and known 
concentration of constituent. In this and subsequent data reduction 
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the model fraction of the constituents of air were assumed to be 
0.7803 nitrogen, 0.2099 oxygen, and 0.0098 argon. A linear Lever 
rule relationship was used to calculate the mole fraction of ear 1 ' 
constituent by again subtracting the background fror the sample peak 
height and dividing by the product of the porous plug pressure and 
the calibration constant. Although a simple oroportionality between 
the porous plug pressure and the peak height was assumed in the 
program, a nonlinear relationship really existed. This assumption 
caused a maximum error in the mole fraction of 0.004 for air. The 
mole fractions of N 2 , O 2 , and He were finally normalised by their 
sum to correct for drift in the analizer. 

In order to determine the mole fraction of air in each sample, 
the sample was considered to be a binary mixture of air and 
injectant. For helium injection, the calculation of the Mr mole 
fraction was made directly. For nitrogen injection, the mole frac- 
tion of air was determined from the increase in the nitrogen to 
oxyger- ratio (N/0) above that of air 

N/0 * (X u /X n )/(0. 7803/0. 2099) 

N 2 °2 

where X N and X^ are observed mole fractions of N 2 and O 2 
respectively. The mole fraction of air is then found by 


X x = 1 -(0.7803 (N/0 - !))/(! + 0.7803(N/0 - 1)) 
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Then, the mass fractions for air and injectant were determined using 
the molecular weight of dry air as 28.97, nitrogen as 28.00, and 
helium as 4.00. 

From the mixture specific heat ratio, pitot pressure, static 
pressure, air mass fraction, and tunnel total pressure and tempera- 
ture, the local mixture Mach number and the total (and injectant) 
mass flux were computed by using the equations for the one- 
dimensional isentropic flow of an ideal gas [22]. The'mixture 
specific heat ratio was calculated by mass averaging the specific 
heats and gas constants for air and injectant gas. The value of the 
universal gas constant was taken as 28980 for air, 20787 for helium, 
and 29103 J/kg-mole K for nitrogen. The total and injectant mass 
fluxes were integrated by a trapezoidal rule method to examine the 
overall data quality. The discharge coefficient of the jet was 
determined from the turbine meter mass flow rate divided by the 
ideal jet mass flow rate. The turbine meter volumetric flow rate 
was found from a linear least squares curve fit to calibration data 
relating it to the turbine meter frequency. This was done over 
various segments of the fairly linear curve so that no significant 
error occurred in the calculation of the turbine mass flow rate. An 
error analysis of the Mach number and mass flux equations is given 
in Appendix A. 
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4. RESULTS AND DISCUSSION 

Results of an experimental investigation of the interaction and 
mixing of a two-dimensional sonic jet, injected transversely into a 
Mach number 2.9 air mainstream, are discussed in this chapter. Test 
conditions included variation of the jet gap width (b), the jet-to- 
mainstream static pressure ratio (PR), and the injectant species of 
either helium or nitrogen. Tests were conducted for nominal values 
of PR of 5, 10, and 20 at gap widths of 0.039, 0.056, and 0.109 cm. 
Typical features of the flow were visualized qualitatively in 
schlieren photographs. Distributions of pressure and injectant mole 
fraction were obtained along the centerline of the injection wall. 
Profiles of static pressures, pitot pressures, and injectant mole 
fraction were obtained along the injection wall centerline at loca- 
tions 1.9, 2.8, 3.8, 6.4, and 7.0 cm downstream of the jet. Scaling 
parameters, correlations, and empirical relations are presented for 
the surface distributions and vertical profiles. An examination of 
the nature of the jet parameters governing the flow was made from 
the data trends and empirical relationships. 

The test conditions, jet mass flow rate (m . ) , and discharge co- 

J 

efficient of the jet (C 3 ) are giver in Table 2 for runs in which the 
surface pressure distributions were measured, and Table 3 for runs 
in which surveys of the downstream flow were made. Gas samples were 
collected from surface taps during static pressure surveys. The 
test conditions were found to vary less than 0.5 percent from the 



Table ?. Test conditions for surface pressure d1str1t.uT.lons 
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Table 3. Mean test conditions for the downs trean surveys. 
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mean survey value given In Table 3. The actual jet pressure ratios 
were close to the desired nominal values (PR * 5, 10, and 20). In 
general, the discharge coefficient of the jet varies between 0.84 
and 0.95. 


4.1 Visual Data 

The basic flow features are visualized by schlieren photo- 
graphs, and typical results are shown in Figs. 6 and 7. Figure 6 
shows the flow features produced by helium injection at several jet 
pressures. A separation shock, bow shock, and recompression shock 
are typical features produced by the jet disturbance. A small jet 
plume is observeo near the injector surface for the larger jet 
pressure ratios. Weak shocks of about 1° turning angle originate at 
the leading edge of the injection wall. A fixed set of external^ 
reference lines aid in observing the effects of increasing the jet 
pressure. As the jet pressure increases, the origin of the separa- 
tion shock moves upstream while maintaining a nearly constant angle 
of 32°. Also, the bow shock increases in initial curvature and 
location in the upstream region. Increasing the PR produces several 
notable effects on the downstream flow features. The bow shock is 
displaced further away from the injector surface and the angle of 
the linear portion of the bow shock increases slightly (from 29° to 
about 32°). The recompression shock angle (about 21°) appears to be 
almost a Mach line; however, the location of the shock does not seem 
to be influenced by the change in PR. As a result of the larger bow 
shock angle, the two shocks diverge further downstream. At the same 
downstream location, the separation distance between the shocks 
increases as PR increases. This result is due to the bowshock's 





f\3 
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increased initial curvature and shock angle in the linear region. 
Similar results are observeu fur nitrogen injection in Fig. 7, 
although the flow fiel 1 disturbance produced is smaller for nitrogen 
injection at the same PR. 

Similar flow features were observed for air injection into an 
unconfined flow by Sterret and Barber [2]. For air injection, Werle 
et al. [10, 11] calculated a nearly constant separation shock 
turning angle (13.4°) at various jet strengths using an oblique 
shock wave theory. Thayer [r] observed that helium injection pro- 
duced a larger disturbance than nitrogen injection at the same PR. 
These past investigations showed results similar to that noted in 
this study, although they were conducted for unconfined flo’< at 
higher values of PR. 

4.2 Surface Pressure Distributions 

The surface pressure distribution data is preset ted hi Figs. 8 
and 9. In each figure, the surface prt,;sure is nondimensional ized 
by the surface pressure from the first surface tap (the value of 
which is given in Table 2), so as to account for possible changes in 
the tunnel supply conditions. As shown in Fig. 2, the right hand 
coordinate system Is centered at the jet in such a way that the dis- 
tance increases positively moving downstream from the jet. The sur- 
face location is nondimensionalized by the jet gap width. 

Typical features for the surface pressure distributions are 
shown for a weak helium jet in Fig. 8a. Upstream the surface pres- 
sure increases from unity between about x/b = -45 to the first 
pressure plateau at x/b = -28. Closer to the jet, the surface 
pressure rises to a second plateau at x/b * -5. A lo> pressure 
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region extends from immediately downstream of the jet to a region of 
rapid pressure rise at x/b = 12. The surface pressure reaches a 
peak pressure at x/b = 25 and then slowly decreases approaching 
unity. These features are the result of the blockage and deflection 
of the supersonic mainstream by the jet expansion plume. The 
blockage of the flow is large enough to cause an adverse pressure 
gradient to separate the upstream boundary layer. The separation 
the boundary layer results in the formation of a separation shock, a 
recirculation region, and a bow shock. The upstream surface pres- 
sure features are a consequence of the separation shock. Downstream 
of the jet, the rapid expansion of the flow over the jet plume - 
causes a low pressure downstream recirculation region. Near the 
location of the reattachment of the boundary layer, the surface 
pressure rises to a peak pressure. Then, it slowly returns to a 
value near unity since the recompression shock lies upstream of 
where the boundary layer reattaches. Similar trends (and features) 
a**e noted for nitrogen injection in Fig. 8b, although the helium 
injection case produces a larger flow field disturbance. 

Analogous results in surface pressure data were noted for 
helium and nitrogen injection for strong jet strengths in an uncon- 
fined flow [12], These much stronger jets produced a larger more 
distinctive upstream second pressure plateau region, which was 
associated with separation of an upstream turbulent boundary layer 
[2], and is noted in results of this study because of the large 
mainstream Reynolds number (5.6 x 10^ per meter) of the present 
investigation. Since analogous flow features were noted between the 
unconfined and confined flow data the empirical relations developed 
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for unconfined flows should be useful in examining also the results 
of this study. 

Correlations of the surface pressure data are presented for a 
particular injectant species in Figs. 8. The effects of varying 
only the gap width on the surface pressure distributions are indi- 
cated for a helium jet in Fig. 8a. A good correlation of the data 
is found by scaling the surface locations by b. Therefore, a change 
in the size of b directly affects the size of the surface pressure 
distribution. For the largest b (b * 0.109 cm), the reduced loca- 
tions of the upstream separation and downstream reattachment of the 
boudary layer may be due to three-dimensional effects. This effect 
is not so pronounced for the nitrogen injection case presented in 
Fig. 8b, for which the upstream separation distance is smaller. In 
spite of the early initiation of the upstream pressure rise for b = 
0.109 cm, a good agreement is observed in the plateau region. 

Another good correlation is observed by comparing data at similar 
values of (b PR) in Fig. 8c for nitrogen injection. Notice, the 
surface locations are not scaled for this comparison. Similar 
trends were noted also in other results obtained in this study, 
since the sonic injectant flow out of the jet is for an adiabatic 
condition and ideal gas. Both methods for correlating the data are 
representative of the change in the jet momentum. 

The effects of increasing the jet pressure on the surface 
pressure distribution are presented for a helium jet in Fig. 9a. 

The surface pressure disturbance increases with increasing PR. The 
surface pressure distribution features are not altered in general 
except for the presence of a second pressure plateau at about x/b = 
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-10 for PR * 20. Figure 9b presents analogous data trends for 
nitrogen Injection. As noted earlier, the disturbance is smaller 
for nitrogen injection. 

It has been noted in previous investigations [12, 23] that the 
upstream pressure rise occurs before the actual separation of the 
turbulent boundary layer. Thayer [12] defined the separation dis- 
tance as the location (x, e) at which p/p w * 1.5. The same 
approach has been taken in this investigation due to the lack of a 
simple and accurate method of determining the actual point of sepa- 
ration. 

In the past investigations for unconfined flows, x^g was 
related to the jet parameters by a power law relationship and by a 
linear relationship. Thayer [12] correlated the dependence of x 1>5 
on b and the jet strength. This is expressed by a power law rela- 
tionship as 


* )>5 /b - S (p t> j/p„) L (4-1) 

where the quantity B Is dependent on the injectant and free stream 
densities and free stream Reynolds number. The value of C was found 
to be 0.77 for helium, hydrogen, and nitrogen. A simple linear 
relationship was developed by Werle et al. [10] to express the jet 
shock height (h $ ) in terms of the jet parameters and pressure acting 
about the jet plume (Ppi ume ) as 


■ °' 7 yj *i * «ypj/<p p lum e'PJ 


(4.2) 
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where Pp^^/p. is defined to be 2.8 (the second surface plateau 
pressure). This relationship can be expressed in terms of Xj 5 for 
this investigation as 


X 1 .5 * 1.4 Yj b PR (4.3) 

Both correlations were applied to the available data for Xj 5 . 

Correlations for x 15 with the jet parameters are presented in 
Fig 10. A separate least squares curve fit is shown for data from 
the largest gap width (b = 0.109 cm) due to the previously noted 
early separation. A good correlation is provided by the power law 
relationship as shown in Fig. 10a. The exponent for the data (0.67 
for b = 0.039 and 0.056 cm, and 0.80 for b = 0.109 cm) is near the 
value determined by Thayer for Eq. (4.1). A better correlation is 
shown in Fig. 10b and is given by the linear relationship 

x 1.5 /b = B ^ PR + C (4.4) 

The slope for the least squares fit of the data (1.5 for b = 0.039 
and 0.056 cm, and 1.8 for b * 0.109 cm) is almost the value deter- 
mined from Werle's relationship. For a constant width sonic jet, 

Eq. (4.4) relates xj 5 to the relative change in jet momentum(Y. b PR). 

Correlations of the surface pressure (p w ) distributions by x^g 
are presented in Fig. 11 for b * 0.056 cm. Figure 11a presents the 
results of offsetting the surface locations by x^g and shows that 
the surface pressure distributions are well correlated into a single 
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distribution by this method. A reasonable mean value for the first 
plateau pressure is observed to be P w /P w „ * 2.4 at (x - x 1>5 )/b* 30. 

The second plateau pressure (about p /p = 2.8) Is located 

W W| ® 

at (x - Xj 5 )/b * 55. No dependence on the Injectant species Is 
noted In the figure. The downstream surface distributions rise from 
a region of fairly constant low pressure at x/x-j 5 « 0.37 to a peak 
pressure at x/x-j 5 * 0.65 (Fig. lib). In general, the downstream 
pressure is slightly higher for helium Injection. Also, the 
downstream scatter is not related to the jet pressure used. Some- 
what analogous results were found by Wer'e et al. [11] using the jet 
shock height; this air injection investigation exhibited a similar ' 
scatter in the downstream region. Thus, a good single distribution 
is obtained for either the upstream or downstream surface pressures 
based on x^ 5 , which is related to the jet parameters (and jet 
momentum) by Eq. (4.3). This correlation may not be applicable to 
the case of large values of the gap width because of the early 
upstream separation. 

The surface pressure features have been described and related 
to the jet parameters. The surface pressure disturbance is con- 
trolled by the relative jet momentum (y. b PR). A single upstream 

J 

or downstream distribution is obtained by using x^ 5 to correlate 
the data. This quantity is found to be linearly dependent on the 
relative jet momentum. For a particular injectant soecies, the 
surface pressure data for various gap widths arc related by scaling 
the surface location by b. Also, data compared at the same value of 
(b PR) are correlated well for unsealed locations. In general, the 
surface pressure disturbance increases with the relative jet 
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momentum. 


4.3 Surface Mole Fraction Distributions 

Surface Injectant mole fraction (Xj) distributions are pre- 
sented in Figs. 12 and 13. Samples of the gas mixture near the 
surface are collected tnrough surface taps along the injection wall 
centerline. Typical features of the surface Xj distributions are 
shown for helium injection in Fig. 12a. The upstream injectant 
species spread extends ahead of the location of x^ 5 (i.e., x/b * 
-60). The value of Xj rises to a plateau at x/b * -40. Closer to 
the jet (at x/b * -25), Xj increases almost linearly. Downstream of 
the jet, a region of low concentration (and highly scattered data) 
extended to about x/x 1<5 = 0.35 (i.e., x/b =18). This is the loca- 
tion where the low downstream pressure region terminates. Then Xj 
increases rapidly to a peak value near the location associated with 
boundary layer reattachment at x/x^g = 0-65 (i.e., x/b = 27). A 
gradual decrease in concentration occurs further downstream. Analo- 
gous trends are noted for nitrogen injection in Fig. 12b; however, 
the local concentration is much smaller than for helium injection. 

For this two-dimensional flow, it would be expected that a high 
concentration of injectant species would occur in the recirculation 
region downstream of the jet. However, this trend is not exhibited 
in the results presented in Figs. 12a and b. Entrained air or 
three-dimensional effects may account for the low concentration of 
injectant species in the recirculation region downstream of the 
jet. In this region, a large scatter in data is noted for different 
gap widths. Further downstream, however, the results compare 
favorably. Therefore, entrained air is probably the cause for the 
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Jnjectant mole fraction surface distribution correlation: PR - 10, helium injected. 
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data scatter. 

The results presented in Fig. 12 also provided a method for 
correlating the data for various values of b and PR. The effects of 
varying only the gap width on the surface distribution of Xj are 
presented for a helium jet in Fig. 12a and for a nitrogen jet in 
Fig. 12b. Both figures indicate good correlations of the data by 
scaling the surface locations by b. A good correlation is observed 
by comparing data at similar values of b PR in Fig. 12c for nitrogen 
injection. Note that the surface locations are not scaled for this 
comparison. Both methods of correlating the data demonstrate the 
direct dependence of the Xj distributions on the relative jet 
momentum. Unlike the surface pressure distributions. Figs. 12a and 
b show large differences in local values of Xj between the helium 
and nitrogen injection cases. As such, this would not allow a 
simple correlation of the composition data for different injectant 
species by the jet parameters. 

The effects of doubling the jet pressure on the surface distri- 
butions of Xj are shown for a helium jet in Fig. 13a. The jet 
strength has only slight effects on the Xj distributions except for 
extending the regions of influence. The increased upstream recircu- 
lation region results in an increase in the upstream penetration of 
injectant. Boundary layer reattachment occurs further downstream of 
the jet as does the location of the maximum concentration. Figure 
13b presents similar trends in the data for nitrogen injection. In 
these results a slightly larger value of Xj is seen throughout the 
upstream region for PR = 20. Again the helium concentrations at 
same x locations and jet conditions are much larger than the 
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nitrogen distributions. 

The only other upstream surface Xj data reported in the pub- 
lished literature were for helium and nitrogen jets in unconfined 
flows for high jet strengths [12], These results are significantly 
different from the findings of this investigation. These results 
indicate an upstream plateau region in which the concentration is 
nearly constant. Also, the plateau Xj values were over 40 percent 
larger in the previous investigation. The reason for the diffe- 
rences in the distribution data is assumed due to the much larger 
jet strengths and the different mainstream flow conditions used in 
the previous study. 

The surface injectant mole fraction distributions have been 
described and related to the jet parameters. The surface distri- 
bution of Xj is shown to be controlled by the relative jet momentum 
for a particular injectant species. Therefore, the relative magni- 
tude of b and PR determine the distribution of Xj along the surface. 
Surface Xj distributions could not be correlated reasonably by 5 . 
Doubling the jet strength produced only slight differences in the 
distributions except for extending the regions of influence. 

4.4 Static and Pitot Pressure Profiles 

Profiles of static pressure profile data from surveys of 
downstream flows are presented in Figs. 14-16; pitot pressures are 
nondi mens ionali zed by the tunnel supply pressure (p b ), whose mean 
values are given in Table 3 for each test condition survey location. 
The individual values of the supply pressure never varied from the 
mean value by more than 0.5 percent. Surveys were made at the 
downstream locations of x = 1.9, 3.8, and 6.4 cm for b * 0.056 cm. 
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Also, surveys were made at x * 2.8 cm for b * 0.039 cm and at x = 
7.0 cm for b = 0.109 cm. All of these surveys are made along the 
center line of the injection surface (i.e., z = 0). 

Many features of the pressure profiles can be related to the 
visual observations of section 4.1 and downstream surface pressure 
distributions presented in section 4.2. As discussed in section 
4.1, there is a strong downstream bow shock above a weak recompres- 
sion shock. As such, the pressure would increase to a maximum at 
the bow shock and increase upon crossing the recompression shock. 
Recovery of the flow behind the recompression shock was indicated by 

the downstream surface pressures in section 4.2. The vertical dis- 

\ 

tance between the two shocks increases for locations further down- 
stream or for the same location with larger values of PR. The 
recompression shock location is not influenced by varying PR. 
Finally, the schiieren photographs and surface pressure data indi- 
cate that a larger disturbance is pro^-.- d by helium injection than 
nitrogen injection. 

Typical static pressure profile trends are presented in Fig. 14 
for PR = 10 at x/b » 70. It is noted that for helium injection, the 
recompression shock occurs at about y/b s 30. Between the injection 
surface and the recompression shock, the static pressure recovers to 
the undisturbed mainstream value of p/p b = 0.032 (for the Mach 
number flow of 2.9). Upon crossing the recompression shock, the 
static pressure decreases to a minimum value. Then it increases in 
a linear fashion to a maximum pressure at y/b = 70 (the location of 
the bow shock). Thus, the fairly linear pressure rise between the 
shocks indicates a region of large expansion fan. The relatively 
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broad region of maximum pressure Is representative of the bow shock 
location. This effect is produced by the interaction of the bow 
shock with static pressure probe geometry (i.e., the 0.77 cm between 
the probe tip and pressure port). Above the bow shock the static 
pressure returns to the expected undisturbed value at y/b = 81. 

From oblique shock theory, the bow shock angle was calculated by 
using the static pressure values and was found to be 20°. Similar 
trends in results are noted for nitrogen injection. However, the 
locations of both the recompression shock and the bow shock are 
higher by y/b * 7 for helium Injection. Their effects are rela- 
tively small. As such, the injectant species has a small effect on 
the static pressure variation. 

For a particular injectant species. Figs. 14a and b present a 
method for correlating the data for various values of b and PR for 
either helium or nitrogen injection. A direct dependence is 
observed for the static pressure profile on the gap width in Fig. 

14a for either injectant. A very good agreement is observed for 
data at similar values of b x PR and x-location in Fig. 14b for 
helium injection. Note that the vertical locations are unsealed in 
the figure. The shock locations are slightly elevated for b * 0.109 
cm due to the different downstream profile locations (i.e., x = 6.4 
cm for b = 0.056 cm and x - 7.0 cm for b * 0.109 cm). Analogous 
results are observed for nitrogen injection. Both methods of corre- 
lating the data demonstrate the direct dependence of the downstream 
static pressure disturbance on b and PR (i.e., the relative jet 
momentum) . 

Typical downstream development of the static pressure profiles 








Fig. 14b. Nondimensional static pressure profile correlation: b PR 
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are shown In Fig. 15 for PR * 10. For helium Injection, the changes 
in pressure across the recompression shock and bow shock are reason- 
ably independent of the downstream profile location. Therefore, 
almost constant shock turning angles would be obtained by oblique 
shock theory. The bow shock turning angle was found to be approxi- 
mately 11°, and the recompression shock turning angle was between 
-6° and -8°. As a result, the two shocks diverge from one another 
further downstream. Also, the slope of the linear pressure rise 
increases from approximately 600 (at x/b = 34) to 900 (at x/b = 

114). Analogous results are observed for the nitrogen injection 
case. 

Typical effects of increasing PR are shown by the static pres- 
sure profiles at x/b * 68 in Fig. 16. The nominal values of PR used 
are 5, 10, and 20. For helium injection, the recompression shock is 
at a constant vertical location of y/b =30. At this location, the 
pressure approaches a minimum value of p/p b = 0.018 for PR = 20. In 
the region between the shocks, the slopes of the pressure rise are 
almost identical. The bow shock location and shock strength in- 
creases with PR. For Increasing values of PR, the bow shock turning 
angles were found to be 9°, 11°, and 13°. Note that the static 
pressure data from different profiles agree very well after the bow 
shock locations. Therefore, the flow beyond the shock is not 
affected significantly by the flow field disturbance produced by the 
jet. Analogous results are observed for nitrogen injection. The 
slope of the linear pressure rise between the shocks had a mean 
value of 820 with a variance of less than 12 percent. This variance 
is independent of the injectant species. 
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In general, the static pressure profiles are almost independent 
of the Injectant species. The two notable exception-., ,iowever, are 
the higher recompression shock and bow shock locations and the lower 
minimum pressure associated with the recompression shock for helium 
Injection. Below the recompression shock and above the bow shock, 
the static pressure is approximately the value expected in the 
undisturbed mainstream. However, a nearly linear rise in static 
pressure occurs from the minimum value at the recompression shock to 
a maximum value at the bow shock location. This phenomenon is pro- 
bably the result of a reckon with a large downstream expansion fan. 

. The distance between the two snocks increases with the value of b 
and PR and with downstream location, although the shock angles are 
apparently independent of tiie downstream after x/b =34. For a 
particular injectant species, the downstream static pressure distur- 
bance is directly related to the change in b and PR (i.e., the 
relative jet momentum). The data exhibit only a slight dependence 
on the injectant species; therefore, a simple correlation of the 
data for either injectant species could not be formulated based on 
the jet momentum. 

The pitot pressure profiles are presented in Figs. 17-19. 

These data are for jet conditions and downstream locations analogous 
to those presented in the static pressure profiles. Therefore, ana- 
logous results would be expected for the same downstream locations 
except in the boundary layer region. 

The typical trends in the pitot pressure profiles are shown in 
Fig. 17a for helium and nitrogen injection. These trends are very 
similar to those discussed previously for the static pressure 
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profiles including the linear pressure rise *“etween the shocks. A 
notable exception is in the boundary layer regions. The solid sym- 
bols indicate the surface pressure. On the wall opposite the jet 
the boundary layer has a thickness of less than 0.03 cm. Similar 
values of the boundary layer thickness were calculated using the 
one-seventh power velocity distribution law [24]. The injection 
wall boundary layer is indicated by the rapid pressure rise from the 
surface to a constant value of approximately p t /p b * 0.36, which 
corresponds to the pitot pressure in the undisturbed mainstream. 

The boundary layer extends to about y/b * 20 for helium injection 
and to y/b s 13 for nitrogen injection. Thus, the boundary layer 
thickness is increased for helium injection by y/b = 7 (a similar 
increase was noted for the shock locations). For helium injection, 
the minimum and maximum pitot pressures are increased by P^/Pj, = 
0.03. Note that the bow shock region is not broadened in the pitot 
pressure profiles; this effect may be attributed to the bow shock 
interaction with the probe geometry. 

As previously discussed, the direct dependence of the down- 
stream pressure fiela on the changes in b and PR is shown by the 
pitot pressure profile comparisons in Fig. 17a for various values of 
b and in Fig. 17b or various values of b PR. For a particular 
injectant species, the good correlation of the data represents its 
direct dependence on the change in the relative jet momentum. 

Typical downstream development of the pi ot pressure profiles 
is presented for PR * : •' n Fig. 18. For helium injection, the 
boundary layer thickness does not increase significantly further 
downstream. The change in pressure upon crossing either shock is 
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Effect of downstream location on pitot pressure profiles, PR = 10, b * 0.056 cm. 
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independent of the downstream location. Similar results are noted 
for the nitrogen injection data. 

Typical effects of increasing PR on the pitot pressure profiles 
are shown at one downstream location (x/b = 68) In Fig. 19. From 
the helium Injection profiles, the boundary layer thickness 
increases with PR. The other effects on the data trends were dis- 
cussed earlier for the static pressure data. Analogous results are 
observed in the pitot pressure data for nitrogen injection. 

Results presented in this section show an analogous trend in 
static and pitot pressure data. However, there is one exception, 
the boundary-layer region indicated in the pitot pressure data. The 
boundary layers thickness increases with PR, but not signficantly 
with the downstream location along the injection surface. From both 
the static and pitot pressure data correlations, it is noted that 
the downstream pressure field disturbance is directly related to the 
changes in relative jet momentum -for a particular injectant species. 
Also, the disturbance is slightly increased for helium injection. 

4.5 Mole Fraction Profiles 

The trend in injectant mole fraction (Xj) profiles is shown in 
Figs. 20-22 for different downstream locations and jet conditions. 
The Xj data was determined from gas samples collected by the pitot 
probes. The Xj values less than 0.02 should be considered pure air, 
since the analyzer error was about two percent. To aid in examining 
the data trends, the vertical axis (i.e., the y-location) is 
expanded three-fold larger than used for pressure profiles. 

However, the distance between Xj values is less than 0.3 cm 
(diameter of pitot probe body). The Xj data presented are for the 
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same downstream locations (and jet conditions) are used in the pres- 
sure profile figures. 

Typical trends in the Xj profiles are presented in Fig. 20a. 

For heliun injection, the Injectant mole fraction decreases from a 
maximum at the surface. The Xj profile resembles one side of a 
Gaussian distribution curve. A reasonable exponential least squares 
fit was found for this data, as discussed later in this section. 

The injectant is seen to penetrate the flow to about y/b = 18. For 
nitrogen injection, the values of Xj are smaller and penetration 
distance extends to y/b = 15. 

For a particular injectant species. Figs. 20a and b present a 
method for correlating the data for various values of b and PR. As 
with pressure profile data, the Xj profile data are directly 
affected by the changes in b (Fig. 20a) and b PR (Fig. 20b). Also, 
these methods of correlating the data are applicable equally to 
either the helium or nitrogen injection case. 

The typical effects of the downstream location on the Xj pro- 
files are shown in Fig. 21. For helium injection, the profiles are 
unaffected by the increase in the downstream location. However, a 
slight decrease in Xj values is noted near the surface at x/b = 114. 
Analogous results are seen for the nitrogen injection case. From 
the results presented in these figures (and results obtained for PR 
= 20 at x/o =34), the downstream mixing profiles are observed to be 
fully developed by the location of the boundary-layer reattachment. 

The effects of increasing PR on the downstream mixing are shown 
in Fig. 22 for x/b = 68. The values of Xj and the penetration 
height (defined as location where Xj = 0.02) increase with PR for 
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helium injection. Also, the general shape of the profile is 
affected by increasing PR, especially further away from the injec- 
tion surface. 

Analogous effects are noted for the nitrogen injection 
profiles. For the three-dimensional case, Rogers [4] fitted similar 
concentration profiles with a Gaussian- type exponential curve fit. 
For the two-dimensional case, the equation is of the form 

' exp { -.[(y/b)/(y/b) x . 0 . 02 1 B ) (4.5) 

J 

For both injectants, the penetration height can be approximated by 

y/b(Xj * 0.02) = 2 x-j g tan (4.6) 

where x^g can be found from the relative jet momentum (Yj b PR) 
using Eq. (4.3). The separation shock deflection angle (6) is found 
to be 12.8° from the first surface plateau pressure. A good corre- 
lation is shown in Fig. 22 for a particular injectant species and 
jet pressure, and the least squares fit is given by the exponential 
relationship of Eq. (4.5). The exponent, (B) is seen to increase 
with the jet pressure; however, no general relationship was found 
between the jet parameters and the coefficients A or B. Although 
the Xj profiles are very much dependent on the injectant species and 
jet pressure, the penetration height is directly related to the 
changes in relative jet momentum. 

The downstream profiles of Xj have been examined for the typi- 
cal effects of downstream locations and variation of the jet para- 
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meters. In general, the concentration decreases further aw from 
the injection surface. The profiles are fully developed before the 
location of boundary layer reattachment (x/x ^ ,5 = 0.65). Also, 
there Is only a slight amount of mixing further downstream. 
Increasing PR causes an increase In the size and shape of the pro- 
files. Although the helium injection profiles are larger than 
nitrogen injection profiles at analogous jet conditions due to the 
smaller molecular weight, the downstream penetration height can be 
determined from the same linear relationship for either injectant. 
The penetration height is directly related to the relative jet 
momentum and upstream separation distance. For a particular injec- 
tant species, the downstream mixing is directly effected by changes 
in b or the relative momentum. 

I 

4.6 Mass Flux Profiles 

The downstream mass flux profiles were examined to provide 
additional insight into the overall data quality. The injectant 
mass flux profiles are shown for PR = 10 and 20 in Figs. 23., The 
results of trapezoidal rule integration of the mass flux profiles 
are shown in Fig. 24a for the total mass flow rate and in Fig. 24b 
for the jet mass flow rate. The mass flux was determined from the 
mean tunnel conditions, the pitot pressure, the air mass fraction, 
and the Interpolated static pressure. The small values of mass flux 
at the surface (y = 0 ) values result from the variation in the sur- 
face pressures between the pitot and static surveys. The effect of 
these nonzero values is to increase the integrated mass flux by less 
than one percent. The integration of the mass flux profiles was 
performed by a trapezoidal rule method. 
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The typical trends of the injectant mass flux profiles are 
shown in Figure 23a for helium injection. Note that the solid 
symbols represent the surface values. The mass flux increases to a 
maximum value at about y/b * 7 and then decreases to zero at about 
y/b * 23. In general, the profile Is fully developed by the first 
downstream location. The effects of doubling the jet pressure are 
shown in Fig. 23b. D bling the jet pressure increases the maximum 
mass flux location to :/b = 30 while decreasing the value of the 
maximum mass flux. For nitrogen injection in Figs. 23b and 23c, 
similar trends of the data can be seen. The maximum mass flux 
appears to be larger and occurs closer to the surface (y/b = 5) than 
for the helium injection case. In Fig. 23d, doubling the jet 
pressure produces similar trends as noted for the helium injection 
case. Also, the penetration height is about y/b » 30 for the nitro- 
gen injection case. 

The injection mass flux profiles are fully developed by x/'b = 
34. The broadened profiles are a result of seemingly random data 
scatter and not due to increased downstream mixing. At the same 
value of PR, both injectants have the same upper limit of injectant 
mass transport. Also, over half of the injected mass is transported 
below y/b = 10. 

An analysis of the measurement errors effecting the mass flow 
rate calculations is giver, in Appendix A. The indicated errors 
influence local values only by a few percent at most. However the 
integrated Injectant mass flow rate could have a 20 percent er-or 
due to turbulence efforts [25]. 

A measure of the overall data quality is shown at the actual 
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downstream locations in Fig. 24a, where the integrated mass flux is 
determined by integrating vertically at the tunnel centerline, non- 
dimensional i zed by the tunnel and turbine meter mass flow rates is 
shown. The tunnel mass flow rate is found from the mean tunnel 
conditions given in Table 3. Therefore, the ideal nondimensiona- 
lized value will be unity for a two-dimensional flow with no 
measurement errors. The nondi mens ionali zed mass flow rate decreases 
almost uniformly from l.l at x = 1.9 cm to a value of almost 1.0 at 
x = 6.4 cm. The larger error values closer to the jet are probably 
due to the larger pressure gradients, since the slope of the 
pressure-rise between the shocks was observed to be influenced 
mostly by the downstream location *n bee. 4.4. The mass flow rates 
are found not to be significantly affected by the jet pressure or 
injectant species. The good quality of the data is demonstrated by 
these results. 

The njectant mass flow rate variation with downstream location 
and jet parameters is shown in Fig. 24b. In general, the indicated 
data quality is better for the larger values of PR for either injec- 
tant species. Generally, the error is less than 20 percent and is 
att v uted to turbulence effects. Therefore, the d»ta quality is 
considered good except for the helium injection case at x = 2.8 cm 
ar.d for PR = 10. 

The injeciant mass flux profiles have been characterized and 
examined. Despite the apparent data scatter in these profiles, the 
integrated’results demonstrete the good overall data quality in this 
region. The integrated total mass flow rates indicate the good 
overall data quality and two-dimensionality for this investigation. 
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5. COMPARISON OF THEORY WITH DATA 
As discussed In Chap. 4, the transverse jet Interaction with a 
confined supersonic flow produces a complex mixing and interaction 
phenomena. The complexity of the flow field would make an analyti- 
cal model very useful for parametric studies for SCRAMJET engine 
design. A three-dimensional code Is not available at present; 
however, a two-dimensional code exists to examine this type of flow. 
The data presented in Chap. 4 are useful in establishing the 
validity of the existing analysis. In this chapter, a comparison 
will be made between the data and code developed for similar flows. 

5.1 Model for Theoretical Investigation 
Drummond has developed a two-dimensional elliptic flow theory 
to describe this complex flow field [3]. The code solves the 
discretionary form of the full Navier-Stokes equations using a time- 
split McCormack scheme [26]. A cc^dinate transformation by Smith 
and Weigel is used to concer'.rate the grid near the injector in both 
the horizontal and vertical axes [27]. Complete description of this 
computational model is available in the cited references. This 
computational model was used to obtain theoretical results by using 
the appropriate conditions for the present experimental model. 

Theoretical results were obtained Tor three separate cases to 
examine the effects of varying the injectant species and j;t 
pressure. These were for nitrogen injection with PR = 10 and for 
helium injection with PR * 10 or 20. 7ne other jet conditions used 
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were a total temperature of 300 K, b ■ 0.056 cm, and a Mach number 
of 1.00. The inlet conditions used were a total temperature 300 K, 
a total pressure of 2.07 MPa, and a Mach number of 2.90 for air 
flow. The results for all three cases were allowed to advance in 
time to a steady state solution. However, small oscillations were 
noted in the results. These are similar to the small oscillations 
at frequencies less than 50 Hz noted in the previous experimental 
studies for analogous flows [28-30]. 

5.2 Comparisons of Results for Surface Distributions 
Comparisons of the surface pressure data with the theoretical 
results are shown in Figs. 25. The coordinate system and nondimen- 
sional parameters used for the comparisons are the same as given in 
Chap. 4. For nitrogen injection, the results are compared in Fig. 
25a for PR * 10. The results show that the initiation of upstream 
separation occurs earlier in the data (x/b * -35) than the theo- 
retical results (x/b = -30). The data and theoretical results 
compare well after x/b = -23, the location near the initiation of 
the first plateau pressure region. A small drop in the surface 
pressure is observed for the theoretical results very near the jet 
(x/b = -3). A similar decrease in the surface pressure (very near 
the jet) was noted in the air injection investigation by Sterrett 
and Barber [2]. Downstream of the jet, the agreement is good aside 
from the following two exceptions. The theoretical results show the 
initiation of the downstream pressure rise at an earlier location 
(x/b = 8) than the data (x/b =13). Also, the theory does not 
predict the downstream peak pressure observed in the data at x/b = 
27. Therefore, the turning of the flow associated with boui.dary 
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Fig. 25b. Comparison of surface pressure distributions, b = 0.056 cm: helium injectant 



78 


layer reattachment is not properly predicted by the code. For 
helium injection, a similar comparison with data is seen in Fig. 25b 
for PR = 10. In the same figure, doubling the helium ret pressure 
produces a larger pressure on the surface. Therefore, the > 
comparison appears to be of poor quality, although the trend is 
analogous to that noted for PR = 10 cases. In general, the 
theoretical results compared well with the data. However, the code 
underpredicts the location of the boundary layer separation and the 
beginning of the downstream pressure rise and does not show the 
existence of the downstream peak pressure. 

Comparisons between data and theoretical results for the sur- 
face injectant mole fraction (Xj) are shown in Figs. 26. For 
nitrogen injection. Fig. 26a shows a poor comparison with data. The 
theoretical results agree well with the location of the upstream 
injectant spread (x/b = -31). Thereafter (in the upstream region), 
the code predicts trends similar to the data, but it indicates much 
larger concentrations. The first Xj plateau occurs at x/b = -20 and 
ends at about x/b * -8 for both theory and data, also the value of 
Xj is seen to increase closer to the jet. In the plateau region, 
the theory predicts a value of Xj approximately 2.5 times larger 
than the data (Xj = 0.08). Downstream, the agreement between data 
and theoretical results is poor. The low values of Xj indicated by 
data in the downstre. recirculation region are probably due to 
entrained air or three-dimensional effects. As such, one would not 
expect a good agreement between the data and theory in this 
region. Note that both theory and data show a similar trend in Xj 
values downstream of the recirculation region (x/b = 28). In 
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general, the code predicts a surface distribution of X.- similar to 

J 

that found in the data, but the theory overpredicts the concentra- 
tion. This difference could be due to the sample collection system, 
collecting samples a significant distance above the injectant 
surface. This off-surface sample collection would lower the value 
of Xj in the data. To determine this, theoretical results for a 
small -constant height above the injection surface (y = 0.13 and 0.27 
cm) were also compared with data in Fig. 26a. It is noted that in 
the upstream region, the penetration is greatly undcrpredicted by 
the theory for y = 0.13 cm at x/b * -22 and for y = 0.27 cm at x/b = 
-14. For either distribution, the concentration increases over the 
data's plateau region. The results, therefore, indicate that the 
off-surface sample collection would cause the concentration to 
increase without a plateau region. However, a plateau region does 
exist for the data. Thus, only theoretical results for the surface 
are considered for comparisons with the data. 

Compari on between data and theory are shown in Fig. 26b for 
helium injection. For PR * 10, the upstream plateau region extends 
from about x/b = -38 to -25 for the data and from x/b = -21 to -10 
for the theoretical results. For PR * 20, the upstream 'ead 
occurs at about the same location (x/b * -60) for the data and 
results. Also, the upstream plateau region extends from about x/b = 
-36 to -14 for the data and from x/b - -35 to -13 for the results. 
After the plateau region, the values of Xj increase closer to the 
jet. A sample collection problem most likely caused the low value 
at x/b = -4 for PR = 20. The trends in the data are represented 
well by the code for the PR = 20. The trends in the data are 
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Fig. 26b. Comparison of injectant mole fraction surface distributions, b = 0.066 cm 
helium injectant. 
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represented well by the code for the PR * 20 case and in fair 
agreement for the PR * 10 case. A valid downstream comparison 
cannot be made for reasons previously discussed for the 
recirculation region. Further downstream, the code correctly 
predicts the trend of decreasing concentration but overpredicts the 
values. 

In general, the code correctly predicts the trends of the 
injectant mole fraction distributions. However, the values of the 
injectant mole fraction are greatly overpredicted by the theory. 
This lack of agreement for the value of the injectant mole fraction 
is not believed to be due to errors in the method of surface sample 
collection. 


5.3 Comparison of Results for Downstream Profiles 
Comparisons of the static pressure profiles data with theory 
are presented in Fig. 27 for the survey, locations of x/b - 34 and 
68. For nit**- gen injection, the results are compared with data in 
Fig. 27a for PR * 10. Both the data and theory show that the recom- 
pression shock Is about y/b = 13 for x/b = 34 and at about y/b » 22 
for x/b * 68. A linear pressure rise is observed between the 

shocks; however, a smaller slope is noted for the theoretical 

results because the bow shock Is located closer to the .rface. At 

x/b * 34, the bow shock location Is seen to be lower for the theory 

(y/b * 34) than the data (y/b * 46). Fu.ther downstream (at x/y s 
68), the b.w shock location in the theoretical results (y/b = 54) 
has increased in distance away from the location in the data (y/h " 
75). By oblique shock theory, the bow shock angle is found to be 
29° for the data. However, in the theoretical results, t,ne bow 
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shock angle decreases from 31° to 29° further downstream. This 
accounts for the increasing distance between the bow shock locations 
for data and theory further downstream. In the theoretical results, 
the blunt bow shock indicates the distance between computational 
grid points. Ft cm this Indication of the grid spacing at the bow 
shock location, the bow shock is seen to be smeared over only about 
three grid points (i.e., from y/b = 54 to 75 at x/b =68). After 
the tow shock region, the static pressure is a‘i ■. st the undisturbed 
value (p/Pb = 0.032) for both data and theory. In general, the 
theoretical results agree very well with the data trends. However, 
the shock structure is incorrectly predicted with regards to the 
recompression shock strength and the bow shock location and 
strength. 

A similar comparison with the data is shown in Figs. 27b and 
27c for helium injection. For PR = 10, the bow shock angle is fo-md 
to be approximately 29° from the data (Fig. 27b). The theoretical 
results, however, show that the bow shock angle decreases from 37° 
at x/b = 34 to 29° at x/b = 68. For the theory, however, the shock 
angle decreases from 37° to 33° over the ^ame region. The recom- 
pression shock is located at y/b = 12 for x/b = 34 and at y/b = 26 
for x/b = 68. Th^se locations are the same for both the data and 
resu.ts and for both jet pressures. 

In general, the theory predicts the trends in data very well 
with the exception of the shock strength and bow shock location. At 
the same PR, the theoretical results predict the downstream static 
pressure field equally well for either injectant species. For the 
same injectant species, doubling the jet pressure mainly affects the 
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Fig. 27b. Comparison of static pressure profiles, b = 0.056 cn: 
helium injectant. 
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prediction of the bow shock strength. The theory does predict 
correctly the independence of the recompression shock location with 
varying values of PR. 

The pitot pressure profiles are compared in Figs. 28 for the 
downstream locations of x/b * 34 and 68. For nitrogen Injection, 
Fig. 28a shows a good agreement between the theory and data up to 
the theoretical bow shock location. The shock locations, of course, 
are the same as in the static pressure profiles. Both the recom- 
pression and bow shock strengths are underpredicted by the theory. 
After the bow shock, the data and theoretical results approach the 
undisturbed value of p^/p b * 0.36. For helium injection, a similar 
comparison is shown in Fig. 28b for PR = 10 and in Fig. 28c for PR = 
20. Note that the agreement with data is not affected by the injec- 
tant species or jet pressure except for the bow shock location. In 
general, the theory predicts the trends in data very well. However, 
the shock strengths are underpredicted in the pitot pressure 
results. 

The injectant mole fraction profiles are compared in Figs. 29 
at x/b * 34 and 68. Note that the vertical axis is expanded three 
times larger than previously used for the pressure profiles. For 
nitrogen injection. Fig. 29a shows a good agreement between the 
theory and data. However, the theory overpredicts the value of Xj 
from the '■.urface to the first instream data point (y/b = 5). At the 
surface, the mean value of Xj from the surface to the first instream 
data point (y/b =5). At the surface, the mean value of X^ is 0.56 
for the data and 0.94 for the theory. Good agreement with data is 
observed after the first instream data point. For helium injection. 
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Fig. 28a. Comparison of pitot pressure profiles, b c 0.1)56 cm: 
nitrogen injectant. 






91 


ORIGINAL PAGE (9 
OF POOR QUALITY 



(b) Helium Injectant 

Fig. 29. Comparison of injectant inole fraction profiles, b - 0.056 cm. 
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a similar comparison Is shown in Fig. 29b for PR * 10. A better 
agreement is evident from the mean surface Xj values of 0.83 for the 
data and 0.9: for toe theory. The results for PR * 20 are also com- 
pared in Fig. 29b. It Is seen that doubling toe jet pressure 
decreases the agreement near the surface (y/b > 10). Good agreement 
in theoretical results is observed after y/b * 10. However, the 
theory predicts a slightly lower concentration. In general, a very 
good agreement between the data and theory is observed except very 
near the surface. 

The above comparisons reveal that, in general, the theory pre- 
dicts the trends in data very well. However, in certain regions the 
theory does not correctly predict the locations and values of the 
profile quantities. The bow shock location is underpredicted by the 
theory; the bow shock strength Is overpredicted in toe static 
pressure profiles and underpredic^d In the pitot pressure profiles. 
In both profiles, the recompression shock strength is underpre- 
dicted. The injectant concentration is overpredicted very near the 
surface. The extent of these disagreements is further examined by 
comparing the Injectant mass flux, total mass flux, and Mach number 
profiles In Figs. 30 to 32, respectively. In each figure, the typi- 
cal case examined is for helium injection with PR * 10 at x/b * 68. 
As discussed in Sec. 3, the Mach number and mass flux are determined 
primarily by interpolating the value of the static pressure at pitot 
pressure locations and by using the Rayleigh pitot formula. 

Downstream profiles of injectant mass flux (a.pu) are shown in 

J 

Fig. 30. The Injectant mass flux increases to an off-surface maxi- 
mum before decreasing to zero at about y/b * 21. The maximum value 
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for the theoretical results is located at y/b * 3, whereas the 
maximum value for the data is at about y/b * 7 (Fig. 23a). This 
value appears to be less than one. However, the maximum value for 
theory Is 1.24. The theory correctly predicts the profile trends 
but not the location or values of the injectant mass flux near the 
surface (y/b <11) due mainly to the overprediction of Xj near the 
surface. 

Downstream profiles of the total mass flux (pu) are compared in 
Fig. 31. Very good agreement is observed except near the location 
of the recompression shock (y/b s 20) and the bow shock (y/b * 60 
for theory). The theory overpredicts the mass flux near the recom- 
pression shock and underpredicts the mass flux near the bow shock by 
p(pu) T = 0.12. The theory accurately predicts the boundary layer 
region at the opposite wall. In general, the theory agrees very 
well with the data. 

The Mach number (M) profiles are shown in Fig. 32. At the 
locations previously noted, the Mach number is underpredicted by 0.4 
at the shock locations. However, the theory predicts the general 
trends of the data very well. 

In the downstream mixing region, the overprediction of the con- 
centration near surface by the theory has a significant effect on 
the Injectant mass flux profile. Therefore, the theory predicts 
that most of the injectant mass transport occurs closer to the 
surface. Weaker recompression and bow shock strengths are predicted 
by the theory, even though the bow-shock strength is overpredicted 
in the static pressure results. 

T*e essential features of the complex flow field have been 
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described by this computational analysis. Aside from a few noted 
exceptions, the theoretical results compare very well with the data. 
The locations of upstream boundary layer separation and downstream 
bow shock are underpredicted. Also, the recompression and bow shock 
are underpredicted by the theory. The concentration of injectant Is 
overpredicted in the near surface region. The grid size and turbu- 
lence model used in the theory may .rave caused these differences. 
Since the computer code was not optimized for the particular experi- 
mental conditions, it should be considered valid due to the 
generally good agreement with data for this complex flow field. 
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6. CONCLUDING REMARKS 

The flow field near a two-dimensional jet has been investi- 
gated. From a perpendicular slot nozzle, an underexpanded helium or 
nitrogen jet has been injected into a confined Mao number 2.9 flow. 
The flow field produced by the jet mixing and interaction has been 
investigated over a range of jet parameters. The jet porameters 
considered were the injectant species, jet static pressure, and gap 
width. Surface distribution and downstream profile data were used 
to develop empirical correlations and as a data base for an existing 
flow theory. 

The flow field disturbance is increased by increasing the gap- 
width, increasing the jet static pressure, or injecting helium 
instead of nitrogen. The relative change in jet momentum was deter- 
mined by the product of the gap width, jet static pressure, and 
injectant's specific heat ratio. This product was directly related 
to the relative size of the flow field disturbance, and was related 
linearly to the upstream separation distance. Using the upstream 
separation distance, a correlation has been developed to relate the 
upstream (or downstream) surface pressures into a single distribu- 
tion for the jet conditions examined. The downstream injectant 
penetration height is directly proportional to the upstream sepa- 
ration distance. Thus, the surface disturbance and downstream- 
mixing limit are dependent on the relative change in the jet 


momentum 



For a particular Injectant species, methods have been developed 
to correlate the data based on the relative change In the jet monen- 
turn (l.e., the product of the gap width and jet static pressure). 

The extent of mixing and interaction of the jet with the mainstream 
Is related directly to the change In either the gap width or 
relative change in jet momentum. The flow-field disturbance is only 
slightly affected by the injectant used; however, the mixing in the 
flow field is affected greatly. The change in the flow field 
features can be related to changes In the jet parameters examined. 

Results from an elliptic flow theory were compared with the 
data. The essential features of the complex flow field have been 
described by this computational analysis. Aside from the few noted 
exceptions, the theoretical results compare very well with the data. 
The theory underpredicts locations of upstream boundary layer 
separation and downstream bow shock, and the recompression and bow 
shock strengths. The concentration of injectant is overpredicted in 
regions closer to the surface. The computational grid size and 
turbulence model used in the theory may have caused these diffi- 
rences. Since the analysis was not optimized for the particular 
experimental conditions, and because of the uncertainty of the 
accuracy of the mole fraction downstream of the injector in the 
recirculation region, the code should be considered valid because of 
the reasonably good agreement with data for this complex flow field. 
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APPENDIX A 
ERROR ANALYSIS 

An error analysis was performed to examine the possible contri- 
bution of measurement errors in determination of the Mach number (M) 
and total mass flux (pu). The measurement errors were considered 
from the supply temperature thermocouple (T 0 ), pitot pressure (p^.) 
transducer, static pressure (p) transducer, and composition 
analysis. The equations used assumed the flow was adiabatic and 
compared of a binary mixture of ideal gases (i.e., air and 
injectant). These equations were differentiated by a chain rule 
expansion for the measured flow parameters. In the final step, the 
derivatives were replaced by a finite difference representation. 

The equations for the local Mach number error (aM) were deter- 
mined for both the subsonic and supersonic cases. For this 
evaluation, the error in the mass averaged specific heat ratio (y) 
was 

Ay/y = Aa. {(C - C )/[a,C + (1 + ou )C ] + 

* p i p j 1 p i 1 p j 

V - C P , + V /Ca i (c p, -V + (1 • W - V ]) 

J • . J 


A.l 


where the mass fraction measurement error of air (a^) was determined 
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from the mole fraction error. The specific heat at constant 
pressure (C p ) and universal gas constant per gram molecular weight 
(R) are constants for the particular gas. The error for the 
subsonic range of Mach numbers Is given by 

am/m = y {-ay/(y- 1) + r 1/Y U,p t - p t Ap/p)/p 

+ Uy/y)D - r <T-l)/Y Ln (p t /p]> 

where r * (y-1)p/(y P t ) A. 2 

The error for the supersonic Mach number range can be found using 
the Rayleigh supersonic pitot formula, as 

AM/M = [4M 2 /[(y- 1)(2M 2 - 1 - l/Y)]‘ 1 {Ap t /p t - Ap/p - 

[AY/(Y-l) 2 ][Ln(2yM 2 - y + 1) - Ln(r+1)] - 

ay[(2yM 2 + y-1)/C(y+1)(2M 2 y - y+1)3 + y/C(1-y)(1+y)3 

+ C1/(1-y) 3C1 - [Y/(l-Y)3Ln[J- ( Y+l )M 2 333> a.3 

The relative error of the Mach number (aM/M) is used in the mass 


flux error determination. 

The error in the mass flux was determined by assuming the flow 
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contains only the u velocity component. The mass flux error can be 
expressed In terms of the density (p), M, and the sound speed (a) by 

&(pu)/pu * Ap/p + AM/M + Aa/a A. 4 

Therefore, the error in the static temperature (T) and sound speed 
is needed In addition to Eqs. A.l, A. 2, and A. 3. By assuming that 
the local total temperature is the same as the supply temperature, 
the static temperature error is 

AT/T = AT t /T t - [MAM(y-l) + \ M 2 Ay][l + M 2 ]' 1 A. 5 

The local sound speed error term can be determined by 

Aa/a = ^ {Ay/y + aT/T - [Aa^(Rj - R^H/Ca^R^ + (l-aj)Rj]} A. 6 

By combining Eqs. A. 4 to A. 6, the mass flux error term can be 
expressed as 

a( pu ) / pu * Ap/p - AT t /2T t + 

3Ao^(Rj - Rj)/[2(otj^ + (1 + Oj)R.)] + 

AM(y-DM + M 2 AY/2/C2 + (y-1)M 2 ] A. 7 

Relative error in the Mach number and mass flux was examined 
over a range of Mach numbers from one to three, since the flow was 
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supersonic over most of the flow field. Also, the relative error 
terms were evaluated for helium or nitrogen injection over a range 
of maij fractions from zero to one. The tunnel supply conditions 
and assumed measurement error must be defined to obtain the relative 
error terms. The static and pitot pressure were determined by the 
Rayleigh supersonic pitot formula for a given value of M, injectant 
mass fraction (a.), and for the nominal supply pressure of 2.07 MPa. 

J 

Static temperature was determined for a particular value of M, a • , 

J 

and a nominal total temperature of 300 K. From Sec. 2.3, the values 
of the assumed measurement error were taken as 1. K for T^, 862 Pa 
for P, 3.70 KPa for P^, and 0.02 for the mole fraction. Results 
from three typical cases of M, a^, and species are presented for 
discussion in Figs. A.l and A. 2. 

Typical trends in the percent error in the calculated Mach 
number are shown in Fig. A.l. For nitrogen injection with 
o. = 0.10, the results are seen to have a small maximum percent 

J 

error of 0.6 for M = 1.75. This trend with M for nitrogen injection 
was essentially the same for other values of a^. For helium 
injection, the Mach number error is observed to have a large 
dependence on M and oj. For values of <0.50, the maximum error 
in M is less than 2.2 percent. As o. decreases to 0.10, the error 

J 

increased dramatically over the entire M range examined. The error 
in Mach number increases to a maximum of 9.2 percent for M * 1.75 
and then decreases to about 4.5 percent by M = 2.3. The M error is 
essentially insignificant for nitrogen injection. However, the M 
error may be large in the mixing region for helium injection; 
essentially in regions of low helium concentration, where the M 
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error increases dramatically. 

Typical trends for the mass flux error are shown in Fig. A. 2. 
For nitrogen injection with * 0.10, the error increases from 
almost zero for M * 1 to 2.2 percent for M * 3. For helium 
Injection with oj * 0.10, the trend and values are observed to be 
very similar to the nitrogen case except near a small peak at M = 
1.5. A similar trend occurs for helium Injection with a. * 0.50. 

For this case, the mass flux error rises to peak value (3.1 percent) 
at M * 1.6; then decreases to a local minimum of about 1.7% (for M = 
2.2) before increasing to a value of 3.3 percent for M = 3. 
Therefore, these results show that the mass flux error as a result 
of measurement errors should be small for either helium or nitrogen 
injection. 

The contribution of the measurement errors has been examined 
for both injectants. The measurement errors contribute less than a 
few percent error to the calculated local Mach number (for nitrogen 
injection) and mass flux. However, the possible measurement error 
contribution to the calculated Mach number may be large for helium 
injection in the mixing region, since the error increases dramati- 
cally with the decrease in helium concentration. 





